Abstract: Calcium-sensitive fluorescent indicators fall broadly into two categories, ratiometric (dual-wavelength) or single-wavelength indicators based on their response to a calcium elevation. Ratiometric indicators shift either their excitation or their emission wavelengths in response to calcium, allowing the concentration of intracellular calcium to be determined from the ratio of fluorescence emission or excitation at distinct wavelengths. Fura-2 is one of the most common ratiometric fluorescent Ca 2+ indicators, which has an emission maximum at 510 nm whereas its excitation maximum changes from 380 to 340 nm in response to calcium binding. Historically, a combination of arc lamp and monochromators has been used as the light source for Fura-2 ratiomatric fluorescence microscopy. In recent years, different combinations of LEDs such as 350/380 nm or 360/380 nm have been used to excite Fura-2. To precisely match the Fura-2 excitation, in this study, we built a new fast switchable 340/385-nm LED excitation light source (Prizmatix Ltd., Israel). The newly constructed light source has been exploited in Fura-2 ratiometric calcium imaging of skeletal muscle cells. The spontaneously elicited Ca 2+ transients in the cells were recorded with high temporal resolution. The light source utilized for the demonstrated instrumentation in this report optimally matches the excitation wavelengths of either calcium-free or bound states of Fura-2. The high-intensity stability and fast switching of the 340/385-nm LED illuminators indicate their potential as a preferred light source for Fura-2 ratiometric calcium imaging over the existing light sources.
Introduction
The intracellular concentration of free ionized calcium (Ca 2+ ) plays a key role in triggering a range of cellular events including the contractile activity of muscle cells, neurotransmitter release, and oocyte fertilization [1] - [3] . The critical evaluation of the role of calcium as an intracellular messenger, therefore, requires a quantitative measurement of cytosolic free Ca 2+ concentrations. Due to the diversity of cellular Ca 2+ signaling in different types of cells [4] , [5] , there is no gold standard with which one can monitor Ca 2+ changes in all situations [6] - [12] . However, Ca 2+ sensitive fluorescent indicator and imaging is considered as the most flexible and widely used technique for measuring cellular Ca 2+ responses. Calcium-sensitive fluorescent indicators fall broadly into two categories: ratio-metric (dualwavelength) or single-wavelength indicators based on their response to the calcium elevation. Although the single-wavelength indicators, such as Fluo-4, provides high dynamic range, they cannot compensate for the Ca 2+ signal changes caused by indicator concentration, photo-bleaching, extrusion, or compartmentalization [13] . At the same time, the ratio signal obtained using a dualwavelength indicator is independent of the dye concentration, illumination intensity, and optical path length allowing the concentration of intracellular calcium to be determined independently of these artifacts.
Ratio-metric indicators shift either their excitation (for example Fura-2) or their emission (for example Indo-1) wavelengths in response to calcium, allowing the concentration of intracellular calcium to be determined from the ratio of fluorescence emission or excitation at distinct wavelengths [14] , [15] . The dual-excitation ratio-metric indicator Fura-2, and dual-emission ratio-metric indicator Indo-1 are the most widely used ratio-metric fluorescents indicators in calcium imaging techniques [16] . Both of these indicators have been extensively used to study cell calcium metabolism, diffusion of Ca 2+ in the cytosol, intracellular propagations of Ca 2+ , excitation-contraction coupling in muscle cells and more [17] - [21] .
In comparison with Indo-1; Fura-2 is less susceptible to photo-bleaching, and has a relatively higher dynamic range between Ca 2+ bound and free states [13] , [22] . Fura-2 has an emission maximum at 510 nm whereas upon binding Ca 2+ its excitation maximum undergoes a shift from 380 nm to 340 nm, see Section 2.3 [16] . Historically, a combination of arc lamp and monochromators have been used for the sequential excitation of Fura-2 at 340 and 380 nm in ratio-metric cytosolic Ca 2+ imaging. In recent years, light emitting diodes (LEDs) have been employed as a preferred excitation light source for Fura-2. Compared with arc lamps, a LED excitation source has much higher stability, faster-switching speed and feasibility of precisely controlling the output intensity by adjusting the LED driver current. However, until recently, due to the commercial unavailability of shorter wavelength LEDs, the excitation sources were restricted to a combination of either 350/380 nm or 360/380 LEDs, which do not exactly match the required excitation wavelengths of Fura-2. To precisely match Fura-2 excitation, in this study we built a new fast switchable 340/385 nm LED excitation light source. The newly constructed light source has been exploited in Fura-2 ratiometric calcium imaging of skeletal muscle cells. The spontaneously elicited Ca 2+ transients in the cells were recorded with a high temporal resolution.
Materials and Methods

Cell Culture
The experiments were carried out by the guidelines of the Animal Care and Use Committee of Bar-Ilan University, and the Guide for the Care and Use of Laboratory Animals published by the US National Institute of Health. Sprague Dawley rat pups (1-2 days of age, from Harlan, Israel) were killed by decapitation. Muscle cultures were prepared as described elsewhere [23] , [24] . Briefly, skeletal muscle from the thigh was removed under sterile conditions and washed three times in PBS to remove excess blood. Muscles were minced into small fragments and gently agitated in PBS containing 0.05% trypsin, which resulted in the release of single cells. The suspension was then centrifuged for 5 min at 400 × g at room temperature. The supernatant was discarded, and cells were re-suspended in Dulbecco's Modified Eagle Medium (DMEM) containing 25 mM glucose and supplemented with 10% heat-inactivated horse serum and 2% chick embryo extract. The cell suspension was diluted in the same medium to 1.0 × 10 6 cells/ml, and 1.5 ml of cells were then plated in 35 mm collagen/gelatin-coated plastic culture dishes. Cultures were incubated in 
The 340/385 nm LED Excitation Light Source
The light source used for the measurements comprised of the Mic-LED-340A collimated LED at about 340 nm, and Mic-LED-385B collimated LED at about 385 nm (Prizmatix Ltd., Israel). The two collimated LEDs are combined by a Beam Combiner OptiBlock (Prizmatix Ltd., Israel) equipped with a dichroic mirror 377drlp (Chroma, Vermont, USA). The two LEDs are connected to the RMLCC-04 current controller. The current controller enables continuous or pulsed operation of the LEDs. The ratio-metric transistor-transistor logic (TTL) input of RMLCC-04 provides an alternating pulsation of the LEDs and synchronization of these light pulses with the camera. The Pulser (Prizmatix Ltd., Israel) was used to create TTL pulse trains for the ratio-metric imaging.
Characterization of 340/385 nm LED Excitation Light Source
The emission spectra of the combined 340/385 nm illumination LED system were measured at 700 mA and 500 mA current, respectively, using a commercially available UV-VIS spectrometer (EPP2000, StellarNet, Inc., Florida, USA) with a spectral resolution of 0.5 nm. The normalized emission spectra are presented in Fig. 2 . The emission maxima of each LEDs were respectively found at 343.63 nm (FWHM: 12.41 nm) and 383.80 nm (FWHM: 13.60 nm).
Intracellular Ca 2+ Measurements
The spontaneously triggered calcium signals in rat myotubes were measured using a Fura-2 based ratio-metric fluorescence microscopy imaging. Prior to the Ca 2+ measurements the cells were loaded with 10 µM of Fura-2 AM (F1201, ThermoFisher, Massachusetts, USA) and 2 μM of pluronic acid (F-127, ThermoFisher, Massachusetts, USA) for 45-60 minutes in the dark at ambient temperature to complete de-esterification of Fura-2 AM in phosphate buffered saline containing calcium and magnesium, and 20 mM glucose (pH 7.4). After de-esterification of Fura-2 AM, the cells were rinsed three times using the buffer solution before imaging. The 35 mm petri dishes containing the cells were imaged with a 10 x N.A 0.4 objective (Olympus UPlanFL N, Tokyo, Japan) mounted on an upright widefield epifluorescence microscope (Olympus BX51, Tokyo, Japan). The combined 340/385 nm excitation light was coupled to the epifluorescence port of the microscope. The fluorescence microscope filter cube was equipped with T411lp dichroic and ET420lp emission filter (Chroma, Vermont, USA). General set-up of the imaging system is schematically illustrated in panel A of Fig. 3 . A simulation of the new ratio-metric Ca 2+ imaging system can be performed online in a dual LED fluorescence spectra viewer developed by Prizmatix Ltd., Israel at https://bit.ly/2wyhLwv. This viewer allows the user to simulate the excitation and emission spectra of the Fura-2 either in Ca 2+ free or bound state by inputting the optics used in the actual experiments. The simulation input panel is illustrated in Fig. 4 .
To achieve the ratio imaging, the samples were consecutively excited by 340 nm and 385 nm LEDs. The excitation intensities at the specimen plane were 0.46 mW/mm 2 and 0.82 mW/mm 2 respectively for 340 and 385 nm LEDs. The pulse trains from the LEDs are obtained by Pulser, a programmable TTL pulse train generator (Prizmatix Ltd., Israel), which is also used to synchronously trigger the camera with the LED pulses. The exposure time of each LED was 0.8 s at a rate of 10 Hz. The resulting fluorescence emission from the samples was recorded above 420 nm by a complementary metal oxide semiconductor (CMOS) camera (PL-B741, PixeLink, Ottawa, Canada) using the PixeLink Capture OEM (PixeLink, Ottawa, Canada) image software. The video images were captured for 100 s in every measurement. All cells spontaneously contracting within the viewing field were recorded and analyzed. The intracellular Ca 2+ changes were accessed using the measured fluorescence ratio, R [16] , [25] .
Video Image Processing
The videos reflecting the free intracellular Ca 2+ changes upon the spontaneous contraction of the cells were first loaded into a MATLAB script [26] . The script extracts the frames of the video corresponding to 340, and 385 nm LED illumination through the entire duration of the video. The intensity values obtained from each frame is corrected for the background fluorescence level and then the ratio, R, is acquired.
The intracellular free Ca 2+ concentration was calculated from the fluorescence ratio, R, using the following equation presented in [16] ,
where R is the experimental fluorescence ratio of the myotubes under investigation. R min and R max , respectively the minimum and maximum fluorescence ratio in the absence and saturation levels of Ca 2+ . β, is the ratio of fluorescence between the absence and saturating levels of Ca 2+ upon 385 nm illumination. k d , is the dissociation constant of the binding of Fura-2 with Ca 2+ (224 nm). The values for β, R min , and R max are taken from the Ca 2+ calibration measurements, see the following section.
Results
Calibration of Fura-2
Calibration of fluorescent Ca 2+ indicators is a prerequisite for accurate Ca 2+ measurements. It provides the experimental values for β, R min , and R max so that the intracellular free Ca 2+ concentration can be evaluated from the fluorescence intensity ratio, R, obtained from the sample of interest. The preparation of Fura-2 calibration solution can be found elsewhere [13] , [27] . The cell-impermeant Fura-2 (F1200, ThermoFisher, Massachusetts, USA) dissolved in solutions of various calcium concentrations. The excitation and emission spectra of the cell-impermeant Fura-2 in the absence and saturating levels of Ca 2+ is presented in panel B of Fig. 3 . A similar concentration of Fura-2 as in the intracellular Ca 2+ measurement was used in the calibration measurements. As expected, while an increase in the fluorescent intensity upon 340 nm excitation as the Ca 2+ concentration rises, at 385 nm, the opposite occurred, see panel A of 
Ca 2+ Resting Level
It has been previously reported that the resting Ca 2+ levels in rat myotubes loaded with Fura-2 are independent of the cell contraction [28] . Therefore, to determine the resting cytosolic Ca 2+ concentration, a 5-day old myotube is studied, which is neither spontaneously nor stimulatingly contracting. The petri dish containing the indicator stained 5-day old cells illuminated with the 340 and 385 nm LEDs at different locations of the cells. The representative fluorescence images obtained from the myotubes is presented in Fig. 6 . The intensity values from the images measured upon 340/385 nm LED illumination extracted and corrected for the background fluorescence levels. The calculated fluorescence ratio, R, is converted to the cytosolic Ca 2+ concentration using the Eq. (1). The average resting Ca 2+ levels in the myotubes are 88 ± 3 nm. 
Spontaneously Triggered Ca 2+ Transients
It is well established that the mammalian myotubes grown in culture exhibit spontaneous or induced action potentials with accompanying contractions [29] - [31] . On the sixth day of culture, the prepared myotubes started to contract spontaneously. These contractions are not simultaneously ubiquitous in the studied cell. The rhythmic contractions are visually discernible for several seconds. Once a contracting cell region is located in the petri dish, the samples are then illuminated with the 340/385 nm LEDs consecutively and the resulting fluorescence signal is recorded as a video for 100 s. A clear enhancement in the fluorescence intensity upon 340 nm excitation was observed in response to the cell contraction (no data is presented). The amounts of cytosolic free Ca concentration from the resting level is found to be 168 ± 11 nm. As seen in Fig. 7 , both transients show approximate exponential decay. The decays are fitted with a single exponential approximation, and yield a time constant of 23 and 25 s respectively for panel A and B.
Discussion
This study took the advantages of the newly built high stability 340 nm LED by Prizmatix Ltd., Israel, to construct a fast switchable 340/385 nm LED excitation light source and showed that the assembled system as an alternative to conventional arc lamp source for Fura-2 based ratio-metric fluorescence microscopy imaging. The emission spectra of the 340/385 nm LED illumination system precisely matches the excitation spectra of the Fura-2 either in Ca 2+ free or bound states. The newly constructed system can achieve a temporal resolution as short as 1 ms and can acquire the images at a rate as high as 1 kHz. The new light source has been employed in Fura-2 ratio-metric calcium imaging of live skeletal muscle cells. A similar work has been recently reported on the Fura-2 ratio-metric Ca 2+ imaging in live tsA-201 cells and cultured hippocampal neurons [32] . The measured resting Ca 2+ levels obtained in this study, 88 ± 3 nm, is in good agreement with the previously reported resting Ca 2+ levels found in rat myotubes, 82 ± 6 [28] , 80 nm found in pig skeletal muscles [33] and 100 nm measured in human skeletal muscles [34] . All the previous measurements were carried out using mercury arc lamp as the excitation source. The consistency of the present result with the earlier reports ensures that the newly constructed 340/385 nm LED illumination system as a reliable substitute for the arc lamp in UV ratio-metric imaging.
The new 340/385 nm LED illumination system has been further used in evaluating the transients of intracellular concentration of free Ca 2+ ions in response to spontaneous contraction of the 6-day old rat myotubes. The average calcium elevation in the spontaneously elicited Ca 2+ concentration from the resting level was found to be 163 ± 13 nm, which is comparable to the spontaneously triggered Ca 2+ concentration increment in different types of cells [28] , [35] . The Ca 2+ transient in the presently measured rat myotubes lasted several seconds. Depending on the cell triggering, i.e., either spontaneously or by external stimulation, the reported Ca 2+ transient decay times vary from hundreds of milliseconds to several minutes [21] , [28] , [35] - [38] . The fast switching capability of the constructed light source allows measuring the Ca 2+ transient as fast as several milliseconds, which can provide much more temporal details than currently available ratio-metric Ca 2+ imaging methods [39] , [40] .
Conclusion
In this report, we show that the newly constructed 340/385 nm LED excitation light source is a reliable and efficient alternative to an ordinary arc lamp source in Fura-2 based ratio-metric fluorescence microscopy imaging. The new illumination system precisely matches the excitation spectra of Fura-2 either in Ca 2+ free or bound state. The newly built excitation source has been successfully applied in measuring spontaneous transients in the intracellular free Ca 2+ concentration in rat myotubes. A new dual-LED fluorescence Spectra-Viewer is developed, which helps the user to simulate the ratio-metric Ca 2+ imaging system online before the experiments. Alongside the advantages of the LEDs, the consistency of the present results with the previous reports, the new 340/385 nm LED illuminator system ensures its potential as a preferred light source for Fura-2 ratio-metric calcium imaging over existing light sources.
